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Abstract

Limestone(calcium carbonateCaCQ) has long been a critical component of concrete,
whether aghe primaryraw material for cement production, a fine powder added to the binder
component, oa source of fine and/or coarse aggregate. This paper focuses on the latter two of
these examplegroviding a multiscaleinvestigaton of the influences of both fine limestone
powder and conventional limestone aggregates on concrete performandané&stene powder
in the form of calcite provides a favorable surface for the nucleation and growth of calcium
silicate hydrate gel at early ageg€celerating ashamplifying silicate hydratiorand a source of
carbonate ions to participate in reactiondwite aluminate phases present in the cement (and fly
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ash). Conversely, the aragonjgelymorphof CaCQ exhibits a different crystal (and surface)
structure and therefoneeitheraccelerate nor amplifies silicate hydrationat a similar particle
size/surhce areaHowever, because these tieomsof CaCQ have similar solubilitiegn water,

the aragonite does contribute to an enhancement in the reactivity of the aluminate pt@ses in
investigatedsystems chiefly via carboaluminate formatiom 100 %ordinary portland cement
(OPQ concretes, 10 % of th@PC by volumecan be replaced witan equivalent volume of
limestone powdemwhile maintaining acceptable performanéecomparisorbetweenimestone
and siliceous aggregates indicates that the forofeen provide higher measured compressive
strengths at equivalent levels of hydratiewven when théwo aggregateypes exhibitsimilar
elastic modul This sugges that the interfacial transition zore the limestonéased concretes
exhibits a higher dege of bondinglikely due to the favorable physical (texture) and chemical
nature of the limestone surfac@fiese observations reinforce the value of utilizing limestone to
increase the performance and sustainability 8fczhtury concrete construction.

Keywords: Aggregate; eagonite; calcite;heat releasehydration; limestone; precipitation;
setting strength

Introduction

The 2F' century sustainability movement in North America has produced increased
interest in replacing a portion of tleedinaryportland cemenfOPC)in concrete with limestone
powder thus reducing both the G@nd energy footprints of the concrethile portland
limestone cements (PLC) have been used in Europe for many yeamli recently thatJ.S.
standardshave first pemitted the incorporation of up to 5 Ynter)ground limestone in
ASTM C150 portland cement [1] and subsequently introdueenew class of PLCs into
ASTM C595[2], the standard for blended cemenisth the U.S. revisions following after the
Canadian impleentation in both case$ype IL inASTM C595 permits the incorporation of up
to 15 % limestondy massn theblended cement. The performaresguivalence of treePLC-IL
cemeng with ASTM C150 cements has been recently documented series of technical
articles[3-7]. As these new PLCs continue to establish market acceptance, a viable alternative to
an interground blended cement is the direct addition of a limestone powdeA®BIM C150
cement at the reaeyix or precast production plapsimilar to he manner in which sladly
ash(FA), or silica fumeare often introduced by the concrete manufactiBarce the limestone
and cement are processed separately in this case, the particle characteristics (surface area,
particle size) of each can laecuratelycharacterizednd controlled,and investigationef how
these characteristicaffect performance in cemedfitased materialscan be conveniently
performed[8-12]. Thesestudies haveeveakd the importance of limestone powder surface area
(finenes) inboostingearly-age hydration and reducing initial and final setting times, particularly
in ternary blends containing fly ash at conventional or twglume addition ratesIhe viability
of this approach is further reinforced by the ongoing developmiea ground limestoné¢and
mineral filler) proportioning guide and a materials specification within ACI and ASTM,
respectively.

A variety of potential ternary mixtures of cement, fly ash, and limespaveder are
represented in Figure. Because the effacy of fine limestone powdets improvethe setting
times andnechanical and transport propertiehmh-volume fly ash(HVFA) mixtures has been
investigatedextensivéy [10,11], the present study focuses on two other tydemixtures as
indicated bythethreefilled diamond data points iRigure 1. The two data points on the bottom
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Figure 1. Ternary plot indicating common mixtures of cement, fly ash, and limestone. Filled
diamonds indicate the mabased mixture proportions investigated in thegasrtion of the
present study.

axis indicate mixtures in which0% by mass okither a 100 %Type | OPC (right point at
cement=90)or an ASTM C150Type I/l with intergroundlimestone cemenfleft point at

c e me n isxeplated by limestorngowder The third filled diamond data point corresponds to
a mixture that contains 2& fly ash and 5 % fine limestone powder, replacifo of an
ASTM C150 Typelll with interground limestoneement. In additionfor a subset of these
mixtures,both the surfacarea/particle size and the crystalline form (aragonite or calcite) of the
limestone powder are investigatéd studies on pasted-or the 10 % limestone mixtures,
concretes are prepardtlis time with a volumetric replacement of limestone powder for cemen
and compared to a 100 % ASTM C1%@pe I/Il with intergroundlimestone cement concrete
mixture. Finally, this study of the influence of limestone on cement hydration and performance is
extended to a largdength scale by considering the impact of aggate type (limestone or
siliceous) orconcrete strength.

Materials and Procedures

Cements
Characteristics of the three cements employed in the various parts of this study, as
supplied from their manuf act ur e rnsehtsconsistdd ofs he et

an ASTM C150 Type Ill cement, a white Type | cement, and a Type I/ll cement. The Type llI
and Type I/ll cements, while both meeting ASTM C150 specifications [1], each contained a
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percentage of limestone powder added directly to the decheker prior to the grinding process
(interground limestone) as indicated in Table 1. Particle size distributions, characterized by their
particle size parametersi® Dso, and Do (representing the 19 50" and 98' percentile,
respectively) in Tald 1, were determined using laser diffraction equipment, with isopropanol as
the dispersant. The particle size parameters in Table 1 are determined by averaging six separate
scans, with a typical coefficient of variation being less thés.

Table 1. Chareteristics ofcementsemployed in thestudy (percentages by mass)

Type Il cement | White (Type I)cement Type /1l cement

SiO; 18.56 % 24.26 % 19.7 %
Al203 57% 2.08 % 4.9 %
FeOs 2.16 % 0.31 % 3.4%
CaO 62.27 % 68.58 % 62.0 %
MgO 2.35 % 0.58 % 3.0%
SGs 4.47 % 2.14 % 3.0%

CO, 1.58 % - 1.24 %
LOI 2.49 % 1.04 % 2.6 %
Total alkalie$ 1.03 % 0.19 % 0.54 %
Limestone addition 3.82 % - 2.94 %

Blaine fineness 481 ntlkg 397 nt/kg 373 nt/kg

Density 3070 kg/n? 3140 kg/n? 3270 kg/n?

D1o 1.32 pm 1.41pm 2.18 ym

Dso 10.6 um 9.85 um 11.9 um

Dao 30.8 um 34.6 um 35.8 um

ANa0+0.658*K0

Limestones

Two of the limestone powders employed in this study, including the finest material, were
supplied by OMYA, while the other two were obtained from Speciaitjnerals (SM),
including a precipitated calcium carbonate (PC@enoted as Sturcal F) powder based on the
aragonite polymorph of CaGQ as opposed to calcite. In Table 2, limestone powder
densitieg+10 kg/n? standard deviation) were measured using auhelpycnometer and their
BET (Brunauer, Emmett, and Teller [13]) surface areas (coefficient of variation of 2 % for three
replicate specimens [9]) were measured using nitrogen adsorption. A sample of the aragonite
based Sturcal F limestone powder was subseqnt | y heat treated (HT) al
to thermally convert the aragonite polymorph to calcite [14]. The converted powder was then
evaluated both in a white cement mixture and in a cement/fly ash blend.

Pastes Studies

To investigate potentiamixture modifications for a preast operation, pastes were
prepared using each of the four original and the-treated limestone powders in combination
with either the Type | white cement or a blend of the Type Ill cement and a Class F fly

1 Certain commercial products are identified in this paper to specify the materials used and the procedures
employed. In no case does such identification imply endorsement or recommendation by the Natiarial dh
Standards and Technology, the Federal Highway Administration, the National Research Council Canada, or Purdue
University, nor does it indicate that the products are necessarily the best available for the purpose.
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Table 2. Cheacteristics of limestone powders employed in the study

Limestone Composition Density BET surface Do Dso Doo
Source area
OMYA (fine) 98 % CaCQ® 2710 kg/nt 9.93 nt/g 0.64 pm | 1.58 pm | 4.89 um

OMYA (coarse) | 95 % CaC@* 2 710 kg/n? 0.83 ni/g 1.91 um | 15.7um | 60.1 ym

SM Marblewhite| 96 % CaCGh 2 740 kg/nt 1.29 ni/g 136 um | 7.11 pym | 16.2 pym
98.1 % calcité

SM Sturcal F 74.7% aragonite| 2 760 kg/n? 6 me/g© 1.07 ym | 3.09 um | 11.0 ym
25.3 % calcité 5.60 nt/g

Heattreated 1.5 % aragonite | 2 600 kg/n# 3.52m?/g 1.59um | 4.42pum | 12.2 ym
SM Sturcal F 98.5 %calcite®

ACReported by manufacturéfassumed to be calcite)
BX-ray diffraction (Rietveld method) determinationatNIS6Et andar d devi ation < 0. 2

ash(ASTM C618 [15]). The Class F fly ash has a density 2  63lafd Dk, Bsb, and Do

values of 2.4um, 18.3 um, and 72.6 um, respectively, thus being the coarsest of the powder
materials used in the study. For this paste study, the ‘tiapmwder ratio {/p) by mass was
maintained at 0.38 (typical gire-cast concrete) and all substitutions of limestone for cement
were made on a mass basis, to mimic current industry practice. The base blended mixture
currently used in a preast operation is an 85/15 mass blendhaf Type Il cement and the

Class F f{ ash. Mixture modifications consisted of increasing the fly ash to 20 % and replacing
an additional 5 % of the Type Il cement with each of the limestone powders. For the white
cement mixtures, 10 % of the cement by mass was replaced with each limestolee. fPastes

were prepareat 25 °Cusing a watecooled high shear blender and evaluated for initial setting
time, using an automated Vicat apparatus (ASTM C19)),[andbothi s ot her mal (23 °
semtadiabatic calorimetryThe specimens for seradiabatic calorimetry were prepared wia
constant specimen volume B50cm®. Isothermal calorimetrgssessematerial reactivity, while

the semiadiabatic responsgan bemore indicative othefield performance to be expected in the
casting bed at are-cast production plant. The ASTM C191 test methd® fgports a single
operator standard deviation of 12 min for initial setting time, for the range of 49 min to 202 min.
For isothermal calorimetry, using similar materials, the average absolute niifebetween
replicate specimensasbeenme as ur e d t ON/gheement), Bith & makidum absolute
difference of 0.0001W/g (cement) for measurements conducted between 1 h and 7 d after
mixing [17].

Concrete Mixturesvith Volumetricbased LimestonReplacement for Cement

Using the Type I/l cement, concretes were prepared at the Federal Highway
Admini stration’s Turner F&TFHRCHabdrasory accogdmgtay Re s
the procedures provided in ASTM C198]J1In addition to a 100 %ementcontrol mixture,
mixtures were prepared with either a fifB6 um)or a coarsg16 um) limestonepowder
replacing 10 % of the cemehy volume.Concrete mixture proportions are provided in Table 3
and a constant dage of high range water reduciagent (HRWRA)was employedhroughout
In addition to characterizingfresh properties (temperature, slump, etc.), the following
measurementsvere performed: initial and final setting timeASTM C403[19]) on a sieved
mortar fraction of the concret®STM C172[20]), compresive strength§ASTM C39 [21])
atld, 3d, 28, and 56 d, rapid chloride permeabiligst(RCPT— ASTM C1202[22]) at 56 d,
and surface resistivity at 56 ¢(modified AASHTO TP95 [3&]). Additionally, isothermal
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calorimetry wasmeasuredluring the course of 7 dn a portion of the sieved mortar fraction.

The ASTM C403 test methd@0Q] reports singleoperator coefficients of variation for times of
initial and final setting of 7.1 % and 4.7 %, respectively

Table 3. Mixture propdions for concrete mixtures with and without 10 % limestone powder

replacing cement on a volume basis

Material 100 % OPC 10 % 1.6 um limestong 10 % 16 pum limestone
Cement 335 kg/n? 302 kg/n? 302 kg/nt
Limestone 28 kg/n? 28 kg/n?
Coarse aggregate 1040 kg/n? 1040 kg/n? 1040 kg/n?

Fine aggregate 858 kg/nt 858 kg/nt 858 kg/n?

Water 134 kg/nt 134 kg/nt 134 kg/nt
HRWRA 1675 mL/n? 1675 mL/n? 1675 mL/n?

w/p 0.400 0.406 0.406

Studies of Limestone vs. Siliceous Aggregates

As the final part of the current studyjrhestone and siliceous aggregates from the same
respective batches that had been previously used to prepare laboratory concretes (limestone
concreteshad been prepareat Purdue University and siliceous concretes at TFHRC) were
obtaned for evaluation of their elastic modulesad imagebased dimensions, using an
Aggregate Image Measurement System (AIMB)e coarse aggregates wevashed,sieved
and sorted by size. The 99m to 12.7 mm size fraction was used to prepare compositbe
specimens (25 mm by 25 mm by 255 mm) for measurement wof rtre@lulus using resonan
frequencytechniqued24]. Microsere 571A wax (melting point o7 0  &r @ wecomponent
epoxywas used as the binder for seeomposite beams. The wax was meltethmtop pan of a
double boiler, poured intPlexiglass beam molds thakere either empty otontained a packed
bed of the aggregates, aitd top surfacesmoothed to prepare the beahihe beams with the
epoxy were preparday injection into the moldsTheaggregate and w&epoxyvolume fractions
in the composite were directly determined from mass and dimension measurements and the
known densities ofrte aggregates (limestore2 750kg/m?, siliceous— 2 570 kg/n¥). At least
ten resonanfrequency measurements were performed on each beam and the median value
converted to & o u nrgaodwdus using the equations provided in the standatid \Was used to
characteri ze e ac nthegnaysis oftbkemiodulus dats, the fallegemalues
of Poi sson’ s rati o were assumed= 03 siliccbuse di f
aggregates 0.2, wax= 0.4, epoxy= 0.3 [Z].

Coarse aggregates’ shape and texture
analysis system (AIMS2, aesond generation of AIMS) originally developed by Ma$2@l.
The system uses a digital camera mounted to a variable magnification miegsmypding a
maximum field of viewof 53.7 mm x 71.6 mm (0.044 mm peixel) down to a field of iew
of 4mm x 5.4mm (0.0033 mm pepixel). Backlighting is used in order to capture particle
silhouettes for angularity analysis, while oblique top lighting is used to capture surface features
in black and white images for texture analysis. The two dimensional angihaaitesare also
used to capture the overall particle dimensions along the major (longest) and minor (shortest)
axes. The third particle dimension is established by the position of the focal plane determined
while capturing the texture image at the surfaténe particle. The gradient vector and wavelet
analysis methods are used to quantify angularity and surface texture, respectively [26].

wer e
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Results and Discussion
Paste Studies

For the paste investigations, both the particle size/surface area of the hienpsteder
and two polymorphs a£aCQ, aragonite and calcitevere investigated. As indicated in Table 4,
the 1.6 um limestone powder was able to maintain or reduce the initial setting time relative to a
corresponding control paste without limestone powd@ibe coarser limestone powders were less
effective in reducing setting times, withe aragonite form (Sturcal Bctually prolongng the
initial setting time in the cement/fly ash blend. The initial setting time measurements are
reinforced by the isothermal (28) and semadiabatic calorimey results presented in
Figures2 to 5. In a typical isothermal calorimetry curve for portlazement hydration, following
an induction period of little thermal activity, the first peak generally corresponds to hydration of
the silicate phases, mainly the more reactive tricalcium silightse while the second peak or
subsequent shoulder indicata renewed reaction of the aluminate phases, generally present
the tricalcium aluminate and tetracalcium aluminoferripgpase$27]. Naturally, the white
cement has &ery low ferrite content (Tablg), so that nearly all of its aluminate reactions are
due to the tricalcium aluminate phase that it contains.

Table4. Initial setting times of Type III/F ash/limestone ternary and white cement/limestone
blends (/p=0.38by masdor all mixtures)

Cement Mixture Initial Setting Time
85 % Type Il cement/1%0 ClassFfly ash 3.3h
75 % Type lll cement/25 %lassFfly ash 3.8h
75 % Type Il cement/20 % F ash/5 % 1.6 pum limestone 3.3h
75 % Type Il cement/20 % F ash/5 % 16 pum limestone 3.7h
75 % Type Il cement/20 % F ash/5 % Marblewhite limestor 3.6h
75 % Type Il cement/20 % F ash/5 % Sturcal F limestone 4.1h
100 % white cement 4.2h
90 % white cement, 10 % 1.6 um limestone 3.7h
90 % white cement, 10 % 16 pum limestone 4.3h
90 % white cement, 10 % Marblewhite limestone 4.0h
90 % whitecement, 10 % Sturcal F limestone 4.2h

The contrast between the effects of the calcite and aragonite polymorphs of calcium
carbonate can be seen in the isothermal calorimetry curves in Figures 2 and 3. The limestone
powders based on calcite both acceke@peed up) and amplify (increase the intensity of) the
silicate reactions in both the cement/fly ash blend (Figure 2) and the white cement (Figure 3)
systems, most likely by providing additional surfaces for the precipitation ofagelyhydration
products[28]. By contrast, little if any acceleration/amplification of the silicate peak is observed
for the original Sturcal F, aragonibmsed CaC® Atomic force microscopy (AFM) studies have
indicated that the surface structures of calcite and aragdaitéhgir most common cleavage
planes) in aqueous solutions are significantly different from one another [29,30]. The calcite
surfaces consist of a planar configuration of Ca and O atoms, perhaps not unlike the CaO layers
in a conventional calcium silicateydrate gel (€S-H). The measured spacing of the calcium

atoms in their grid on the calcite (104) cleavage plane, Orim by 0.4 nm [29], is not that
different from the 0.56 nm by 0.36 nm spacing mentioned for the CaO layersim1.4
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Figure 2. Isothermal heat flowas a function ofime at23°C for Type Il cement/F ash with and
without various limestone replacemergéort vertical lines for each curbetween 3 hand 4 h
indicate initial setting time for that mixturenset shows a zon of the 2 h to 8 h data.

tobermorite (similar to €&-H) structures [27]. Conversely, in aragonite, only Ca atoms

are

detected on the surface layer, with no indication of the presence of corresponding O atoms [30].
Based on the calorimetry results hetbe surface of calcite is more favorable for the
precipitation and growth of earyge GS-H (and perhaps other hydration products) than that
provided by the aragonite polymorph of CafC@he semiadiabatic temperature rise curves
shown in Figures 4 and &re consistent with these isothermal calorimetry results, as in both
systems, the aragonibsed CaC@produced a significant retardation in measured temperature

rise in comparison to all of the other mixtures.

Although the surface structures of aragoniéted calcite are different, their room

temperature solubilities I n water ar e

qgui te

Busenberg [31] measured loggKvalues 0f-8.480 + 0.020 aneB.336 + 0.020, for calcite and

aragonite, respectively, for thésdolution of CaC@to form C&" and CQ? ions. The dissolved

carbonate ions can participate in the hydration reactions, particularly those of the aluminate

phases, leading to the formation of carboaluminates as opposed to sulfoaluminates, and also
stabilzing the ettringite that is produced at early ages [32,33]. These carboaluminates are both

more voluminous [32,34] and potentially stiffer [35] than their corresponding sulfoaluminates,

leading to further reductions in system porosity and increases isuneel strengths. With
similar solubilities, it not surprising that both polymorphs of CaG@e quite effective at

accelerating and amplifying the aluminate reactions, as indicated by the second peak/shoulder in

the isothermal calorimetry curves in Figuand 3. The efficacy of the limestone powders in
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Figure3. Isothermal heat flowas a function ofimeat2 3C for white cement wittandwithout
various10 %limestone replacementShe 90 %cement estimate is provided asiadication of
the expectedesult due to simple dilution of the cement content.

this regard is particularly noticeable in the case of the white cement in Figure 3, where in several
cases, the height of this peak is increased by nearly 50 % relative to the value obtained for the
100 % white cement paste.

To further investigate the influence of Cag@olymorphs on cement hydration, the
Sturcal F powder was heat treated 4hdi8nTbe ed as
changes that the heat treatment produced in the R8D-eay diffraction patterns are provided
in Figures 6 and 7, respectively. While the PSD was coarsened (perhaps partially due to
agglomeration), the density slightly lowered, and the surface area somewhat reduced (Table 2),
the conversion of aragonite talcite, as verified by the disappearance of the aragonite peaks in
the heat r e at ed Staywdifftaatibn p&tterss inxFigure 7, was indeed successful in
increasing the acceleration/amplification provided by the limestone powder, particularly with
respect to the eargge silicate reactions in both the cement/fly ash blend and in the white
cement mixture (Figures 2 and 3) and with respect to the aluminate reactions in the white cement
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Figure 4. Semadiabatic temperature rise of Type Il cemErash pastes with and without
various limestone replacements. Separate results from two replicate specimens for the base
mixture (85:15 Cem:F ash) are shown to provide an indication of variability.
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Figure 5. Semadiabatic temperature rise of white cernpastes with and without various 10 %
limestone replacements.

mixture (Figure3). Additionally, nearly all of the retardation in the seadiabatic temperature

rise curves (Figures 4 and 5) was removed via the heat treatment applied to the SturckdrF pow
While the volumetric heat capacity of aragonite is about 6.7 % higher than that of calcite [36],
since replacements were made on a mass basis anddialmtic specimens were of a constant
volume in this study, the calculated thermal capacity diffeeebetween the two mixtures with
original and heatreated Sturcal F is less than 0.5 %. This suggests that the restoration of the
semtadiabatic temperature rise response in the specimen with thérdwatl Sturcal F was
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mainly due to altering the retaaty of the CaCQ in the cementitious systems, as opposed to a
significant change in thermal properties (e.g., heat capacity).

] : i \ ‘ - Untreated

—e—Heat Treated
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Figure6. Measured particle size distributions for Sturcal F limestone powder [zefdrafter
heat treaCfoediit at 480

The subsequent fate of calcite particles immersed in water has also been studied using
AFM techniques by several research groups [37,38]. In general, these researchers have observed
that a hydrate layer of up to four layers of water (~ 0.5 nm tlwak)form on the calcite surface
and also observed the formation of “broad ar
during the first 15 min or so of immersion. The localized precipitation-8HCgel and other
hydration products on calcite surfacdaring the hydration of tricalcium silicate has been
directly observed by Sato and colleagues [39] using scanning electron microscopy (SEM) and
one time series representation of four such images is provided in Figure 8. Initially, a very
ordered pattern oprecipitated material on the surface of the Ca@articles is observed,
consistent with the ordered arrangement of Ca and O atoms on calcite cleavage surfaces
observed via AFM [29]. The images in Figure 8 could be compatible with the hypothesis that the
initially formed hydrated etch pits could subsequently serve as the original precipitation sites for
C-S-H gel during earlyage hydration. These sites may be even more favorable for precipitation
and growth of €S-H gel than those provided by the tricaltiusilicate or cement particles
themselve$11,12,39].

Concrete Mixtures

The ability of the limestone powders to accelerate esgly hydration in pastes was also
observed in the laboratory concretes prepared at TFHRC. Figure 9 provides the isothermal
calorimetry curves measured at 25 °C for mortars sieved from the three concrete mixtures. Once
again, the finer limestone is seen to accelerate and amplify both theagarlsilicate and
aluminate phase reactions. Due to its reduced surface area (bptiedpitation of phases and
for dissolution of CaCéto generate C€J ions), the acceleration and amplification provided by

11
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the coarser limestone is less, but still significant considerindltitat % of t he cement
has been removeddm the system. The acceleration/amplification provided by the finer
limestone is further confirmed by the comparison of the setting times provided in Table 5, where
the 1.6 um limestone decreased both the initial and final setting times in comparibosemt

the 100 % cement control concrete. In terms of compressive strength, mainly due to #eir 10
cement dilution, the limestormontaining concretes were not able to maintain the strength levels

of the 100 % cement control at later ages, but eadhastiieved a nominal 28 d compressive
strength of 40 MPa, with a further increase of about 4 MPa between 28 d and 56 d. By further
comparison, their transport properties, as characterized by measurements of both RCPT and
surface resistivity at 56 d, wereominally equivalent or measurably better than those of
the100% cement concrete. Further performance benefits of these fine limestone powder
additions have been observed recently in ternary blends of cement, fly ash, and limestone,
including a series ofigh volume fly ash concrete mixtures with clinker content reductions
between 40 % and 60 % [10].

Table 5. Properties of TFHRC concrete mixtures with or without 10 % limestone powder

Mixture Time of | Time of 1-d 3d 28-d 56-d 56-d
initial set | final set| strength strength strength RCPT resistivity

OPCcontrol| 3.73h | 520h | 19.8 MPa | 28.8 MPa| 46.5MPa | 2470C | 7.0kQ-cm
(0.1 MPa} | (0.3 MPa)| (0.3MPa) | (130C)| (0. 7 K

10% 1.6 pum| 3.17h 463h | 179 MPa | 29.3 MPa| 40.8MPa | 2390C | 7.8 kKQ-cm

limestone (0.4 MPa) | (1.3 MPa)| (0.4MPa) | (50C) | (0. 1 Kk
56 d 44.5 MPa

10 % B um 4.00 h 550h | 17.6 MPa | 29.1 MPa| 39.7MPa | 2790C | 74k Q- ¢

limestone (0.2MPa) | (0.2MPa)| (0.9MPa) | (170C)| ( 0. 4 Kk
56 d 42.8 MPa

ANumbers in parentheses indicate standard devatiathrfee replicate specimens for control mixture and
for two replicate specimens for mixtures with limestone.

Studies of Limestone vs. Siliceous Aggregates

In the final portion of the study, the influence of larger aggregiaed limestone on
concrete performance was examined. Anecdotal evidence and a few direct comparative studies
indicate that for otherwise equivalent concrete mixtures, limestone aggrenftee produce
higher compressive strengths than siliceous aggregates [40,41]. Typical strength improvements
produced using limestone aggregate are from 10 % to 20 %, with enhancements generally
observed at all ages from 1 d to 28 d. More recently, incthase of developing linear
relationships between compressive strength and heat release (a measure of achieved
hydration)[42], this same rend in strength enhancemeritas been observed for concretes
prepared with limestoner siliceousaggregates, as sia in Figure 10 [10]While the limestone
and siliceous concretes were prepared at different laboratories, they had similar total aggregate
volume fractions of 75 % for the limestone concrete and 74.4 % for the siliceous coDocte.
again, the strengtenhancement is present at all levels of heat release (age) and for these
mixtures is actuallabout30 %, for strengths greater than 25 MPa.

French and Mokhtarzadeh [41] have attributed this strength enhancement to the fact that
t heir | i me s & esupezior boadxcharaoteristie @ith cement paste and the plane of
fracture in limestone concrete crossed most of the coarse aggregate particles. In contrast, round
gravel particles showed poor bond with cement paste and, except forseredllparticlesthe
pl ane of fracture passed around coarse aggreg

14
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bonding superiority of the limestone aggregate, anotetof that must be considered is that the
limestone aggregate could be stiffer (higher modulus) than the siliceous aggregate. In the rocks
literature, the commonly reported ranges for elastic modulus for these two rock types overlap, so

that one cannot cafude that one is always stiffer than the other. Therefore, the modulus
measurements presented in Figure 11 were conducted to directly assess this possibility for the
two aggregates used to prepare the concretes in Figure 10. In Figure 11, the meaguwsidiecom
modulus is plotted as a function of volume fraction of aggregates, along with an estimate of the

mo d uShtuksnan(HSs whdsd4l] ford i t t i n
two-phase composite (aggregatex or aggregatepoxy) to he experimental dat&olid lines
are estimated ¥ bounds for siliceouwax composite with i=50GPa and &a=2.43 GPa,
narrow dashed lines are-$ bounds for siliceougspoxy composite with £750GPa and
Eepoxy=3.73 GPa, wide dashed lines areStbourds for limestonavax composite with &~40
GPa and Ra=2.43 GPa, and dotted lines areSHoounds for limestorepoxy composite with

i ndi

Eagg40 GPa and &ox=3.73 GPaWhile therewas some variability in the individual resonant

Vi

dual aggregate

frequency measurements forchaspecimen, the median values shown in Figure 11 indicate the
likelihood that the limestone aggregates have an elastic modulus that is equal to or slightly less

than

their

siliceous counterparts.

Thiirther

supports the claim of French and

Mokhtarzadeh41] that the strength enhancement is due to superior bonding and not to a stiffer
aggregate. The limestone aggregate surfaces, wtoleding much less surface area than a fine
limestone powder, should be equally favorable for precipitation and grows¢aryfage (and
later age) hydration products, producing a superior interfacial transition zone bond with the
hydrating cement paste [44,45]. This would be consistent with the strength increases observed

with limestone aggregates beginning as early @agusually the first time of testing). Similar

observations were provided recently in a study of supercritical carbonation of calcareous

composites,

where it

wa s

observed

t hat “

cal ce

enhancement effected durisgpercritical carbonation by encouraging preferential precipitation
of calcite at the bindem ggr egat e i
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with the numerical results of a recent study by Kandirnard et al. [47], who concludédat
“Among the three studied aggregates types (Il
very dense limestone ones may increase the mechanical characteristics of the composite.
Because of their weak bond adherence, siliceous and more Ealiqubstic aggregates may

decrease both the Young’'s modulus and compres
50 - ;
4 Siliceous in Wax 7
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Figure 11. Measured elastic modulus dataints)for composite beamsalongwith the H-S
upper and loweboundsas lineq43]. Two points (replicate measuremesets often
overlapping are shown for the epoxy composite beamprovide an indication of variability.

In the present study, textural, shape, and angularity differences between the limestone
and siliceous aggregates were also examined using the AlMigneent. A summary of the
obtained results is presented in Table 6, along with the measurement range for each AIMS
parameter. The CAAT is a combined angularity texture value computed as 10 times the texture +
onehalf of the angularityExampleimages of he 9.5 mm to 12.7 mm aggregates along with
textural images obtained from the AIMS system are provided in FigureTh&. higher
angularity, lower sphericity, coarser textureand flatter and more elongated natwtk the
limestone aggregate could also be tdbating to the enhanced bonding between paste and
aggregate in concrete, in addition to the previously noted tendency for cement hydrates to
precipitate on calcite surfaces. Further research investigating the relationship between AIMS
parameters and corate performancéor a wider variety of aggregate sourceplanned.

Table 6. AIMSdetermined properties of aggregates

Rock Type | Angularity | Sphericity| Texture Flat and Flat or CAAT
(1-10000) (0-1) (0-1000) Elongated Elongated | (0-15000)
Ratio > 2:1 Ratio > 1:2
Limestone 3149 0.61 237 64.2 % 34.2 % 3945
Siliceous 2325 0.71 119 39.7 % 13.5% 2353

While most natural deposits of limestone consist primarily of the mineral calcite,
aragonite does exist in some locations, and the fine powder results on these two polymorphs

16
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Figure 12:Photographs andnages from AIMS analysis indicatingneral faturesfor the 9.5
mm to 12.7 mm size randop) andtexture(bottom)for the 12.5 mm to 19.0 mfmestone

(left) andfor the 475 mm to 9.5 mnsiliceous (right) aggregateBop images are 100 mm wide
by 75 mm high. Bottonmages ar&.4 mm wide by4.0 mm high

presented earlier suggest that the bond between arapasie coarse aggregate and cement
paste may not be as strong as that produced by the dadsikel limestone. In rare cases, this
could contribute to the variable strength performance ofncr et es wi t h “ 1 i mest
Recent studies focused on reinforcing cenisrged composites with aragoritased CaCe®
whiskers might also benefit from first thermally converting their aragonite polymorph to its
calcite form [48]. Additionally, itis interesting to note that during the natural carbonation of
concrete, both calcite and aragonite polymorphs can be produced, as well as vaterite and an
amorphous form of CaG{ depending on temperature, relative humidity, and exposure
time [49]. This vaiation in carbonation product polymorphs could be one contributor to the
observed variable impact of carbonation on the adhesion of cdrased repair materials to
(carbonated) concrefB0], with calcite potentially promoting bond performance, whileyardte

would likely reduce the adhesion/interfacial bond between the repair material and the existing
substrate. Further investigation, perhaps using quantitativay Xdiffraction to evaluate the
various polymorphs found in carbonated substrates [483gisired to verify this hypothesis.
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Conclusions

This study has examined the performance of limestone in cdmeatl materials at
multiple scales, highlighting the importance of the favorable surfaces provided by calcite for the
precipitation and growt of hydration products. This both accelerates eagky hydration,
reducing setting times, and improves the integrity and quality of the bond between limestone
aggregates and hydrating cement paste in concrete, producing higher strengths. While the
aragorte form of limestone does not provide a significant acceleration of the-agelwgilicate
reactions, it isat least asoluble in water as calcite, with both providing ample carbonate ions to
participate in cement hydration reactiotisat lead to enhanck aluminate reactivity, the
stabilization of ettringite, and the formation of (more voluminous and potentially stiffer)
carboaluminates in place of sulfoaluminates. The study has demonstrated tliaerthel
conversion of thearagonite polymorph of CaGQOto calcite can enhance itsaccelerating
influence on the earlgige silicate reactions. Because both the provision of surfaces for hydration
product precipitation and the dissolution of CaQ@ provide carbonate ions are dependent on
the surface area ofa@Hlimestone powder, finer powders, such as the 1.6 pum median particle size
powder employed in this study, provide amprovedperformancein comparison to coarser
ones(16 um for example)The physical and chemical interaction of limestone with the cement
hydrates also likely contributes to the superior mechanical properties of concretes containing
limestone aggregates in comparison to similar ones based on siliceous aggregates.
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